ABSTRACT Recent R-matrix calculations of electron excitation rates in O m are used to derive electron temperature and density-sensitive emission-line ratios R x = 7(2322 Â)/7(1661 Â + 1667 Â), R 2 = 7(1661 Â + 1667 Â)/ 7(4960 Â + 5009 Â), and R 3 = 7(4363 Â)/7(4960 Â + 5009 Â) for a range of T e (7500-40,000 K) and N e (10 2 -10 7 t cm 3 ) applicable to gaseous nebulae. Electron temperatures and densities deduced from these and observed values of R u R 2 , and R 3 for several planetary nebulae and a Seyfert galaxy in general show good internal agreement and also compare favorably with results deduced from the line ratios of other species, thereby providing support for the atomic data adopted in the calculations.
I. INTRODUCTION Emission lines arising from transitions in O m have been
frequently observed in the spectra of low-density astrophysical plasmas, including planetary nebulae (Barker 1985) , Seyfert galaxies (Osterbrock and Pogge 1985) and QSO (Filippenko 1985) . The 7(4363 Â)/7(4960 A -h 5009 Â) line ratio is usually employed as an electron temperature diagnostic for the emitting gas (Osterbrock 1974) , but Nussbaumer and Storey (1981) have pointed out that the ultraviolet lines at 1661, 1667, and 2322 Â observable with the International Ultraviolet Explorer (IUE) satellite allow both T e and N e to be determined when combined with optical data. These authors derived level populations and theoretical line ratios using their calculations of transition probabilities in O m, and the electron excitation rates of Czyzak et al. (1968) for transitions among the 2s 2 2p 2 3 P ground term, rates for other forbidden and allowed transitions being taken from Baluja, Burke, and Kingston (1980, 1981) and Bhatia, Doschek, and Feldman (1979) respectively.
Recently Aggarwal (1983 Aggarwal ( , 1985 has calculated electron excitation rates in O m using the R-matrix method and has found results significantly different from those of previous authors, especially for allowed transitions (see Aggarwal 1985) . In this paper we use these data to derive line ratios applicable to gaseous nebulae, and we compare them with ground-based and IUE satellite observations. II. ATOMIC DATA The model ion for O m consisted of the nine lowest LS states, i.e. 2s 2 2p 2 3 P, 1 D, ^ 2s2p 3 5 S°9 3 D°, 3 P°, ^ 3 S°, and 1 P°, making a total of 15 levels when the fine-structure splitting in the 3 P and 3 D terms is included. Energies of all the ionic levels were taken from Moore (1971) . Aggarwal (1983) has reported electron impact excitation collision strengths (Ü) for optically forbidden transitions among the 2s 2 2p 2 , 2s2p 3 , and 2p 4 configurations in O m. These are probably the most accurate values currently available since he used configuration interaction (Cl) target wave functions (Baluja et al. 1980 ) and the R-matrix collision code of . It may be noted that Baluja et al. (1980 Baluja et al. ( , 1981 have already calculated Q for optically forbidden transitions using the same Cl wave functions and the R-matrix collision code. However, they limited their calculations to partial waves with angular momentum L < 4 only, and presented their results in LS coupling alone. Aggarwal (1983) extended these calculations to 4 < L < 9 and reported Q for all optically forbidden transitions among the fine-structure levels. These partial waves are, however, insufficient for convergence of Q in the optically allowed transitions, and therefore Aggarwal (1985) has calculated the contribution of partial waves with L > 9 from the Coulomb-Born approximation and supplemented the earlier data for L < 9 to obtain Q for the optically allowed transitions also. In Aggarwal (1983 Aggarwal ( ,1985 , the collision strengths were integrated over a Maxwellian distribution of electron velocities to produce excitation rates, and these have been adopted in the present paper.
Transition probabilities among the 2s 2 2p 2 levels and between 2s 2 2p 2 and 2s2p 3 were taken from Nussbaumer and Storey (1981) . At the temperatures we are interested in excitation by protons is negligible and hence was not included in the calculations. For example, at T e = 20,000 K, protons add only ~l%-2% to the electron excitation rates (Aggarwal, Baluja, and Tully 1982) .
III. RESULTS AND DISCUSSION
Using the atomic data discussed in § II in conjunction with the statistical equilibrium code of Dufton (1977) , relative level populations for O m were calculated for a range of electron temperatures (7500 < T e < 40,000 K) and densities 10 2 < N e < 10 7 cm -3 ) appropriate to gaseous nebulae. Details of the procedures involved and approximations made may be found in Dufton et al. (1978) . The five 2s2p 3 states above 5 S° have negligible populations (< 10 -13 ) at the temperatures and densities considered, and hence only results for 2s 2 2p 2 3 P, 1 D, l S and 2s2p 3 5 S° are summarized in Table 1 . These differ from the level populations of Nussbaumer and Storey (1981) by up to 403 10%, which is due to the adoption of improved electron excitation rates in the present calculations (see Aggarwal 1985) . The level populations in Table 1 may be used with the transition probabilities of Nussbaumer and Storey (1981) to determine emission-line ratios. In Figure 1 the ratio R i = I( 3 P 1 -1 S)/I( 3 P 1 2 -5 S 0 ) is plotted as a function of T e for several values of N e , while in Figure 2 the ratio R 2 = /( 3 P 1> 2-
is plotted against R 3 = I( 1 D-1 S)/I( 3 P 1 2 -l D) for a range of electron temperatures and densities. These results differ from the Nussbaumer and Storey data by a similar amount as the level populations, i.e. up to ~ 10%. The discrepancies with the O m line ratios given by Czyzak, Keyes, and Aller (1986) are also approximately the same, since these authors used similar atomic data to Nussbaumer and Storey in their emission-line strength calculations. All the O in transitions have been observed in the ultraviolet and optical spectra of gaseous nebulae (see below), and hence Figures 1 and 2 may be employed to estimate the physical conditions of the O m emitting plasma. However, as noted by Nussbaumer and Storey, great care must be taken when using the O in ratios as diagnostics, since for iV e > 10 6 cm -3 R x begins to decrease with increasing electron density, while for larger values of T e and N e than those shown in Figure 2 there is a region where the electron temperature and density cannot be uniquely determined.
The 3 P 1 -1 D, and 3 P 2 -1j P emission lines in O m have been frequently observed in the optical spectra of gaseous nebulae at wavelengths of ~4363, 4960, and 5009 Â, respectively, while observations of the ultraviolet lines 3 P 1 -5 S° (1661 Â), 3 P 2 -5 S° (1667 Â), and 3 P 1 -1 S (2322 Â) have been made with the WE satellite. In Table 2 An inspection of Table 2 shows that the values of T e derived from Ri and (R 2 , R 3 ) are generally in good agreement, although for the Seyfert galaxy NGC 4151 the discrepancy is 7000 K. However, Boksenberg et al. (1975) note that the 5009 Â line is saturated in their spectra, so that R 3 and hence T e may be overestimated. In addition, Aldrovandi and Gruenwald (1985) point out that one should be cautious in using this ratio as a temperature diagnostic for the emission-line regions of active galactic nuclei. They show that charge transfer of O n with H i and the K-shell photoionization of O i followed by the Auger effect may populate the O m metastable levels, leading to a significant increase in R 3 over the value predicted in the absence of these atomic processes.
Our estimates of log N e in Table 1 are similar to those deduced from the line ratios of other species. For example, Feibelman et al (1981) found log N e = 5.9 for IC 4997 from C in 1907 Â/1909 Â, compared to our value of log N e = 5.8. In addition, we derive log iV e = 4.1 for NGC 2440, while from the S ii 6717 Â/6730 Â ratio Shields et al. (1981) estimated log N e = 3.6. These results provide observational support for the accuracy of the O in atomic data and the techniques used to calculate the line ratios.
Finally, we note that simultaneous observations of the ultraviolet and optical O m emission lines in various types of active galactic nuclei such as Seyfert galaxies and QSO would be highly desirable, not only so that the physical conditions in these objects may be derived, but also so that the importance of the atomic processes discussed by Aldrovandi and Gruenwald (1985) may be investigated.
